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Cells Isolated from the Epidermis by Hoechst Dye
Exclusion, Small Size, and Negative Selection for
Hematopoietic Markers Can Generate B Lymphocyte
Precursors
Mathew M. Stern1, Lorraine T. Tygrett2, Thomas J. Waldschmidt2 and Jackie R. Bickenbach1,2,3
Transdifferentiation has become a common claim for somatic stem cells, yet how such cells can be directed
toward a specified cell lineage has not been well investigated. We previously demonstrated that when isolated
epidermal stem cells were placed into an embryonic environment, their potential was extended beyond the
keratinocyte lineage. Here, we present evidence that cells isolated using a modification of our published
method for epidermal stem cells can be specifically directed to differentiate into B lymphocyte precursors.
We found that these isolated cells co-cultured with S17 bone marrow stromal cells in cytokine-supplemented
medium changed their cell surface marker profile and gene expression pattern to one characteristic of
B lymphocyte precursors. Such cells also underwent variable, diversity, joining rearrangement at the
immunoglobulin heavy-chain locus, a permanent genetic change unique to lymphocytes. This feature is
limited to the cells isolated using the modified epidermal stem cell method, as cells isolated using the modified
transit amplifying cell method could not be re-directed or reprogrammed. Such results demonstrate that cells
from the epidermis can be directed to cross lineage boundaries to become mesodermally derived lymphocytes.
Journal of Investigative Dermatology (2008) 128, 1386–1396; doi:10.1038/sj.jid.5701202; published online 20 December 2007
INTRODUCTION
In mammalian skin, epidermal stem cells (EpiSCs) reside
within the basal cell layer of the interfollicular epidermis and
the bulge region of hair follicles (for review see Tumbar et al.,
2004; Ito et al., 2007). These cells are slow cycling and are
believed to undergo asymmetric cell division, producing a
stem cell and a transit amplifying (TA) cell (Potten et al.,
1978; Bickenbach, 1981). After a burst of proliferation, TA
cells are thought to be destined for terminal differentiation,
whereas EpiSCs are assumed to persist for the lifetime of an
organism. EpiSCs and TA cells have been distinguished and
isolated on the basis of verapamil-sensitive Hoechst 33342
dye exclusion and cellular size (Dunnwald et al., 2001;
Redvers et al., 2006). We previously showed that these
EpiSCs, but not the TA cells, could contribute to multiple
non-epidermal tissues following injection into developing
blastocysts (Liang and Bickenbach, 2002; Liang et al., 2004).
Although exciting, the interpretation of these results has been
clouded by the possibility that the injected EpiSCs might have
fused with embryonic cells (Terada et al., 2002; Ying et al.,
2002; Wagers and Weissman, 2004), thereby generating
false-positive results. Alternatively, the starting population of
EpiSCs might have been contaminated with other cell types.
Here, we address these issues by processing the isolated
presumptive EpiSC and TA cell populations through a
negative selection process for cells that did not express
hematopoietic cell surface markers and by using an experi-
mental system that eliminated any advantage that cell fusion
could impart. We hypothesized that EpiSCs could be directed
to cross lineage boundaries and produce B lymphocytes.
B lymphocytes are a good target cell for several reasons.
First, the development of B lymphocytes and their precursors
is well defined with distinct stages easily identified by
specific gene expression and cell surface protein profiles
(Hardy et al., 1991). Second, the process of variable,
diversity, joining (VDJ) rearrangement at the immunoglobulin
heavy and light-chain loci is a permanent genetic change that
is unique to lymphocytes and characteristic of specific stages
in B lymphopoiesis (Hozumi and Tonegawa, 1976; Brack
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et al., 1978; Hardy et al., 1991). Lymphocytes use this
permanent genetic change to generate immunoglobulin
diversity. Third, the methodology used to drive production
of B lymphocytes from either hematopoietic stem cells/
hematopoietic progenitor cells (HSCs/HPCs) or embryonic
stem cells is very well characterized. Fourth, the feeder layer
of S17 bone marrow stromal cells lacks lymphopoietic
potential, even when grown in the cytokine-supplemented
medium designed to drive the production of B lymphocyte
precursors (Cumano et al., 1990; Henderson et al., 1990; Cho
et al., 1999). Thus, this system fails to provide an advantage
for any fused EpiSC-S17 cells. Finally, because B cells are
mesodermally derived, the transition of ectodermally derived
EpiSCs to B lymphocytes represents a substantial alteration in
developmental fate. Using this system, we demonstrate that
cells isolated from the epidermis by Hoechst dye exclusion,
small size, and negative selection for hematopoietic markers
can be directed to generate cells with cell surface protein and
gene expression profile characteristic of B lymphocyte
precursors. These cells also demonstrate the permanent
genetic change of VDJ rearrangement, evidence that the
cells are functioning as B lymphocyte precursors.
RESULTS
Isolation of cells with no contaminating hematopoietic cells
The method we use to isolate EpiSCs is derived from that
developed to isolate hematopoietic side population cells
equivalent to HSCs/HPCs (Goodell et al., 1996; Dunnwald
et al., 2001). To assess contamination of the epidermal cell
preparations with hematopoietic cells, we performed flow
cytometric analysis on our epidermal cell preparations
using the generic hematopoietic marker CD45, along with
the HSC/HPC marker c-kit and a panel of hematopoietic
lineage-specific markers. This analysis revealed small
(o0.3%) putative populations of B lymphocytes (B220þ ),
T lymphocytes (CD3þ ), and Langerhans cells (CD11cþ ) that
were also CD45.2þ (Figure 1). The B220þ population failed
to express the more specific marker of B lymphocytes, CD19
(Figure 1), suggesting that this population might represent a
non-B lymphocytic B220þ population, such as natural killer
or dendritic cells. Approximately 0.6% of the cells were
stained positive for macrophage marker CD11b/Mac-1
(Figure 1). The c-kit antibody stained the largest percentage
of cells (2–3%, Figure 1). Although c-kit is a stem/progenitor
cell marker in the hematopoietic system, in our epidermal
cell preparations c-kitþ did not express CD45 (Figure 1),
suggesting that this population was not hematopoietic, but
instead represented epidermal melanocytes (Chabot et al.,
1988; Geissler et al., 1988; Nishikawa et al., 1991). We
confirmed this by sorting both c-kitþ and c-kit cells from
neonatal epidermal cell preparations and growing the cells in
either melanocyte-specific or keratinocyte-specific growth
conditions. The c-kitþ cells exhibited the growth characteris-
tics of melanocytes, whereas the c-kit cells exhibited
characteristics of keratinocytes (Supplementary Figure 1a–o).
Furthermore, although melanocytes exist within the inter-
follicular epidermis of neonatal mice, they quickly migrate
into hair follicles where they remain in adult mice (Hirobe,
1984). Staining of epidermal cells from adult footpads, which
lack hair follicles, failed to identify any c-kitþ cells
(Supplementary Figure 1p), further demonstrating that the
c-kitþ cells from neonatal interfollicular epidermis are
melanocytes.
Using the information gained in the flow cytometric
analysis of the epidermal cell preparations, we added a
negative selection for melanocytes and hematopoietic cells
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Figure 1. Preparations of basal epidermal cells from neonatal mouse skin contain small populations of LinþCD45þ and c-kitþCD45 cells. Basal
epidermal cell preparations from C57BL/6 mice were antibody stained and analyzed by flow cytometry. Cells were first gated using side and forward
scatter (SSC and FSC). Cells were then assessed for expression of the indicated hematopoietic cell surface markers. Gates were set based on staining with isotype
control antibodies. A 0.1% threshold was set by nonspecific staining with CD45.1 antibody. Dead cells were excluded with a live/dead indicator.
Numbers represent percentage of expressing cells. A representative analysis is shown; n¼ 3.
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to our sorting strategy for EpiSCs and TA cells. EpiSCs were
distinguished from TA cells by Hoechst dye staining and
size as described previously (Dunnwald et al., 2001),
and potential contaminates were removed by negative
selection of c-kit to exclude melanocytes and HSCs/HPCs,
CD45, B220, CD19, and CD3 to exclude leukocytes
(Figure 2).
To verify that no HSCs/HPCs were isolated with our
epidermal cell preparations, we performed two tests. First, we
stained the sorted epidermal cell populations with antibody
to keratin K14, which is not expressed by any hematopoietic
cell type, including HSCs or HPCs. FACS analysis of 10,000
cells and immunofluorescent counts (500 cells) for K14-
positive cells revealed that 100% of cells, isolated by Hoechst
dye staining, size, and negative selection for hematopoietic
markers, were K14 positive (data not shown). Second, we
placed the EpiSCs and TA cells into commercially available
colony-forming unit granulocyte, erythroid, monocyte, and
megakaryocyte (CFU-GEMM) assays. These assays are
optimized for growing myeloid lineage cells from HSCs/
HPCs. The types of colonies produced are indicative of the
types of hematopoietic cells that are present in the starting
population. A single live HSC/HPC is expected to produce a
colony in this assay. When we cultured 100 control
hematopoietic side population cells (Goodell et al., 1996)
in the CFU-GEMM assay, they produced several representa-
tive hematopoietic colonies within 10 days (Figure 3e–h).
When EpiSCs or TA cells were isolated by Hoechst dye
staining, size, and negative selection for hematopoietic
markers and then grown in the same CFU-GEMM conditions
for 10 days, no colonies were seen. In fact, no hematopoietic
colony growth was observed, even when EpiSCs were plated
at 1,000 times the cell density (1 105 cells per dish) and
grown for three times as long (30 days) (Figure 3a–d). The
same held true for CFU-GEMM assays inoculated with TA
cells (data not shown). Although this does not completely
exclude the possibility of hematopoietic cell contamination,
these findings suggest that no HSCs/HPCs or other cells that
can form hematopoietic colonies were present within the
sorted EpiSC or TA cell populations.
EpiSC-S17 co-cultures generate hematopoietic colonies
EpiSCs and TA cells, isolated by Hoechst dye staining, size,
and negative selection for hematopoietic markers, were
co-cultured with the S17 bone marrow stromal cell line. To
prevent calcium-induced keratinocyte differentiation, we
diluted the medium with low calcium keratinocytes medium
(Hennings et al., 1980) and supplemented it with IL-7, Flt3-L,
and stem cell factor, cytokines known to enhance
B lymphopoiesis (Vieira and Cumano, 2004). In this system,
mouse bone marrow cells formed B lymphocyte precursors
within 12 days (data not shown). At 10 days of co-culture,
EpiSCs formed sparse clusters of small, round, loosely
adherent cells (Figure 4a). Although promising, these cells
did not express B lymphocyte cell surface proteins. Over
time, we saw gradual accumulation and eventual rapid
growth of the loosely adherent population in EpiSC-S17
co-cultures (Figure 4a and b, Supplementary Figure 2a–f).
Although a few loosely adherent, potentially responsive cells
were seen in early TA cell co-cultures, they did not express
B lymphocyte cell surface proteins and their numbers failed
to increase over time, even with enrichment by isolation and
re-plating (Figure 4c and d, Supplementary Figure 2g–j). The
S17 cells alone did not generate these loosely adherent cells
(Supplementary Figure 2k and l) or show expression of
B lymphocyte cell surface proteins (see below). These results
indicate that these isolated EpiSCs, but not the TA cells, can
give rise to cells and colonies that are morphologically
similar to those from HPCs.
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Figure 2. Epidermal stem cells (EpiSCs) can be isolated by FACs without
contaminating hematopoietic and melanocyte cells. (a) Unaggregated cells
were selected by side and forward scatter (SSC and FSC). (b) Dead cells were
eliminated by selecting cells that did not stain with propidium iodide. (c)
Next, Hoechst dye exclusion was used to differentiate TA cells, which retain
dye (UV-blue high) and SCs, which exclude dye
(UV-blue low). (d) TA cells are isolated by eliminating c-kitþ hematopoietic
and melanocyte cells, and B220þ , CD19þ , and CD3þ lymphocytes, and
CD45.2þ hematopoietic cells. (e) The smallest 45–50% of cells within SC
gate were collected (SC small). (f) Then c-kitþ hematopoietic and melanocyte
cells, and B220þ , CD19þ , and CD3þ lymphocytes, and CD45.2þ
hematopoietic cells eliminated to yield the EpiSC population. A representative
sort is shown. Percentages shown are of the SSC/FSC, live, non-aggregated
population.
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Co-cultured EpiSC-S17 cells express genes typical of
B lymphocyte precursors
B lymphopoiesis requires the coordinated expression of
several genes involved in transcription and receptor-
mediated signal transduction that are not normally expressed
in epidermal keratinocytes. AfterB25 days in co-culture, we
examined the cells for expression of PU.1, IL-7r, E2a, Ebf,
Rag1, Rag2, Pax5, and Cd19 genes that are required for and
expressed sequentially during B lymphopoiesis. Early in
B lymphocyte development, expression of the transcription
factor PU.1 leads to expression of and signaling through the
cell surface receptors IL-7r and Flt3/Flk2 (DeKoter and Singh,
2000; DeKoter et al., 2002). Signaling through these
receptors activates expression of the transcription factor E2a
and subsequently of another transcription factor, Ebf (Bain
et al., 1994; Zhuang et al., 1994, 2004; O’Riordan and
Grosschedl, 1999; Smith et al., 2002; Singh et al., 2005). E2a
and Ebf feedback to increase IL-7r expression regulate the
expression of the transcription factor Pax5 and are necessary
for Rag1- and Rag2-mediated VDJ rearrangement to begin
(Romanow et al., 2000). Pax5 expression is required for the
completion of VDJ rearrangement and commitment to the
B lymphocyte lineage, and it leads to the expression of the B
lymphocyte lineage cell surface marker and signaling protein
CD19 (Nutt et al., 1998; Singh et al., 2005; Zhang et al.,
2006).
In our system, reverse transcription-PCR analysis revealed
that loosely adherent cells harvested from EpiSC-S17
co-cultures expressed all of these genes while also
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Figure 3. Freshly isolated EpiSCs cannot form hematopoietic colonies in methylcellulose-based CFU-GEMM assays. (a–d) EpiSCs (1 105) were inoculated
and incubated for 30 days in the CFU-GEMM assays. Initially, a few clusters of cells formed; however, they did not expand or from colonies with
characteristics of hematopoietic lineage cells (compare a–d with e–h). (e–h) When 1 102 side population (SP) bone marrow cells were used to inoculate
CFU-GEMM assays, extensive colony growth occurred within 10 days; (e) CFU-GEMM; (f) CFU-GM; (g) CFU-G; and (h) BFU-E. CFU (colony-forming unit);
BFU (burst-forming unit); GEMM (granulocyte, erythroid, macrophage, megakaryocyte). Representative examples are shown. Bar¼ 50 mm.
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Figure 4. EpiSCs, but not TA cells, co-cultured with S17 stromal cells
generate colonies with hematopoietic-like characteristics. Phase-contrast
images of EpiSC co-cultures on days 10 (a) and 25 (b). TA cell co-cultures on
days 10 (c) and 26 (d). Bar¼ 50mm; n¼ 5. Controls and photographs
depicting progressive changes are shown in Supplementary Figure 2.
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downregulating the basal keratinocyte specific gene keratin
14 (K14) (Figure 5a). S17 monolayers expressed only the
transcription factors, E2a, Ebf, and some Pax5 (Figure 5d), as
did the TA-S17 cell co-cultures, which also expressed PU.1
(Figure 5b). CD45c-kitLin epidermal basal cells
expressed only PU.1 and E2a (Figure 5c). Freshly isolated
bone marrow cells expressed all genes (data not shown).
These results indicate that cells from the EpiSC-S17
co-cultures can be induced to express genes required for B
lymphopoiesis, whereas cells from TA-S17 co-cultures or S17
cells themselves cannot be induced.
Cells from EpiSC-S17 co-cultures express B-cell surface markers
B lymphopoiesis is characterized by specific cell surface
proteins whose combined expression pattern is diagnostic of
specific subsets of developing B lymphocytes (Hardy et al.,
1991). Flow cytometric examination of B-cell surface markers
revealed that 495% of the cells harvested from EpiSC-S17
co-cultures expressed the B-cell marker B220 (Figure 6).
These B220þ cells were largely CD45þ , indicating that most
of the cells had made the transition to the hematopoietic
lineage. As B220 is a promiscuous hematopoietic marker and
not necessarily indicative of only B lymphocytes, we also
stained with CD19 and BP-1, which are indicative of the
B lymphocyte lineage. Approximately two-third of the
B220þ cells were also CD19þ (Figure 6). Around 50% of
the B220þ population was also BP-1þ (Figure 6). Taken
together, the cell surface expression profiles of B220, CD45,
CD19, and BP-1 suggest that co-cultured EpiSC-S17 cells are
progressing through the Hardy fractions A-D (Hardy et al.,
1991), from B220þCD19 to B220þCD19þBP-1þ cells.
Less than 0.5% of co-cultured cells expressed IgM, CD21, or
CD23, suggesting that the culture system allowed only a
small percentage of cells to reach the immature (IgMþ ) or
mature (CD21þ or CD23þ ) B-cell state (Figure 6). This was
not unexpected, as bone marrow cells cultured under the
same conditions produced mostly B220þCD19þBP-1þ cells
as well (data not shown).
Staining co-cultured cells with c-kit revealed populations
of both c-kitþB220þ and c-kitþB220 cells (Figure 6). Such
cells could potentially represent an intermediate HSC/HPC-
like state. Additionally, 2.0–2.5% of co-cultured cells were
Gr-1þ , but none were CD3þ (Figure 6), indicating that the
co-culture system allowed granulocyte differentiation but not
T lymphocyte differentiation. Further experimentation is
required to determine the significance of these populations,
as they highlight the possibility that EpiSCs might be required
to dedifferentiate and/or transition through a HSC/HPC-like
state before gaining the ability to differentiate into either
the hematopoietic lymphoid (B lymphocytes) or myeloid
(granulocytes) lineage cells.
No populations of B220þCD45þ cells were observed in
cells harvested from TA-S17 co-cultures or from cultures of
S17 cells alone (data not shown). Thus, EpiSCs isolated by
Hoechst dye exclusion, small size, and negative selection for
hematopoietic markers and then co-cultured with S17 cells
exhibited surface staining consistent with B lymphopoiesis,
whereas TA-derived co-cultured cells did not.
Co-cultured EpiSC-S17 cells effect VDJ rearrangement
indicative of B lymphocytic function
As the EpiSC-derived co-cultures generated cells that
expressed genes involved in B lymphopoiesis and cell surface
markers characteristic of B lymphocyte precursors suggestive
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Figure 5. Cells harvested from EpiSC co-cultures express genes required for B lymphopoiesis. Reverse transcription-PCR was performed for the indicated
genes from the following cell types: (a) EpiSC co-cultures; (b) TA cell co-cultures; (c) epidermal basal cells sorted to exclude c-kitþ , CD45.2þ , B220þ ,
CD19þ , and CD3þ cells; (d) S17 cells cultured alone for 10 days under B lymphopoietic conditions; n¼ 3. A representative experiment is shown.
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of the B-cell precursor stage, they should have undertaken
VDJ rearrangement (Hardy et al., 1991). VDJ rearrangement
is a permanent genetic change that occurs only in lympho-
cytes. During VDJ rearrangement, one each of a multitude of
different V-variable, D-diversity, and J-joining segments is
selected and then recombined with the other two elements
(V-D-J) to form the portion of the immunoglobulin heavy-
chain gene that encodes the antigen recognition site. This
process generates the tremendous diversity required among
lymphocyte antigen receptors (Hozumi and Tonegawa, 1976;
Brack et al., 1978).
To assess the status of VDJ rearrangement, we performed
PCR on genomic DNA from cells in the EpiSc-S17 co-cultures
and cells from the TA-S17 co-cultures. The primers and
conditions used to detect recombination events were
previously described (Schlissel et al., 1991; Chang et al.,
1992; Marshall et al., 1996) and were chosen such that bands
would be detected only when recombination had occurred
(see design in Figure 7a). Briefly, if D-J or V-DJ recombination
has occurred, intervening DNA would be deleted. Such
events would delete binding sites for some primer sets, while
moving others close enough together to amplify a product.
An allele that has only undergone D-J recombination cannot
generate a V-DJ band because the amplification distance is
too great for the PCR conditions. Additionally, an allele that
has undergone V-DJ recombination cannot amplify a D-J
band because the binding site for the D segment primer has
been deleted. The size of the product depends on which
J segment is used. The most J-proximal of the D-J class
primers DQ52 along with primer Mu0 allows detection of the
unrearranged germline orientation of the DNA locus.
Although the Mu0 binding site is deleted when D-J
recombination occurs, its product is detected in these
experiments because not all cells and not all alleles have
undergone D-J recombination.
PCR using genomic DNA from EpiSC-S17 co-cultures
revealed that this population contained cells that had
undergone D-J rearrangement and cells that had undergone
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Figure 6. Cells harvested from EpiSC co-cultures express cell surface markers characteristic of B lymphocyte precursors. Loosely adherent cells from
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live/dead indicator. Percentages given for each quadrant are of SSC/FSC, live, non-aggregated cells; n¼3. A representative analysis is shown.
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V-DJ rearrangement (Figure 7b). Bands indicating usage of
each of the four JH segments were detected when a reverse
primer immediately 30 of JH4 was used (Figure 7b). These
results were similar to those obtained using genomic DNA
from freshly harvested bone marrow cells (Figure 7c). In
contrast, PCR on DNA from TA-S17 co-cultures, unsorted
basal epidermal cells, or S17 cells alone showed only
germline orientation and a few auxiliary bands not specific
for VDJ recombination (Figure 7d–f). These auxiliary bands
were not seen in the positive control bone marrow cells or the
EpiSC-S17 co-cultures. Similar banding did appear in the
analysis of hematopoietic cell DNA from Rag1 knockout
mice, which are unable to complete VDJ recombination,
because they lack the necessary recombinase enzymes
(Figure 7g). Thus, co-cultures initiated with EpiSCs, but not
with TA cells, generate cells that perform VDJ recombination,
a permanent genetic change that is specific to the lymphocyte
lineage.
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Figure 7. Cells harvested from EpiSC co-cultures undergo VDJ recombination. (a) The schematic illustrates the heavy-chain locus in the germline state,
following D-J rearrangement, and following V-DJ rearrangement. In this example, segment JH4 is used. Note how recombination deletes the binding sites for
some classes of primers while bringing others into closer proximity. Depending on the JH segment used, different length products are detected. Strategy from
Schlissel et al. (1991). (b) Multiple bands were detected for each of the D-J and V-DJ recombination-specific forward primers used on cells from EpiSC
co-cultures. Note similarity to bone marrow cells in (c). (c) Positive control bone marrow cells show VDJ arrangement. (d) TA cell co-cultures show bands
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DISCUSSION
Somatic stem cell multipotency remains a controversial
subject. Although exciting, the idea that cell fate decisions
are not final contradicts the dogma that cells progressively
lose developmental potential as they transition from their
embryonic origin to their final destination as differentiated
cells within a mature tissue. At the same time, evidence from
somatic cell nuclear transfer and exogenously expressed
genes has clearly demonstrated that the reprogramming of
‘‘lineage-restricted’’ cells is possible (Campbell et al., 1996;
Wilmut et al., 2002; Watanabe et al., 2004; Takahashi and
Yamanaka, 2006; Grinnell et al., 2007; Maherali et al., 2007;
Okita et al., 2007; Wernig et al., 2007). The limiting step
seems to be the development of conditions that allow this
underlying potential to surface. Somatic stem cells already
exist in a relatively undifferentiated state and represent a class
of cells that could be particularly receptive to such
manipulation. Here, we demonstrate that cells isolated using
a modification of our previous EpiSC method (Dunnwald
et al., 2001) are responsive to a cell culture system optimized
for the production of B lymphocyte lineage cells. The signals
provided by the environment in this culture system allowed
us to harness the potential of these cells and direct their
differentiation toward a B lymphocyte lineage.
We used three separate courses of action to try and ensure
that we had isolated only EpiSCs and not isolated hemato-
poietic cells with B lymphocyte potential along with the
EpiSC population. (1) We modified our EpiSC isolation
method to exclude cells with hematopoietic cell surface
markers. (2) We stained the sorted cell populations for keratin
K14, which is expressed by keratinocytes but not by
hematopoietic cells. (3) We grew the freshly sorted cells in
the CFU-GEMM assay, which allows a low number of
hematopoietic progenitors to differentiate into colonies of
hematopoietic lineages. The results obtained with these three
assays suggested that only keratinocytes were isolated.
However, we cannot be completely certain that we excluded
every potential hematopoietic cell. Cell surface protein
expression on contaminating hematopoietic cells could have
been partially compromised by the trypsin used to isolate
cells for flow cytometric analysis. Analysis of K14 expression
either by FACS or immunofluorescent counting could miss a
single negative cell. The CFU-GEMM hematopoietic cell
growth assay is dependent on cells surviving in methylcellu-
lose. Thus, the lack of hematopoietic colonies in CFU-GEMM
from 1,000-fold more EpiSCs grown for three times longer
than hematopoietic cells cannot completely rule out a single
cell contaminant. We cannot be certain that we have isolated
the same stem cells that we have previously shown to be
multipotent in a developmental system (Liang and Bick-
enbach, 2002; Liang et al., 2004). It must also be pointed out
that this potential contamination occurs only in the EpiSC
population, as only the EpiSC-S17 co-cultures produced
B-cells and the TA-S17 co-cultures did not.
One benefit of this S17 co-culture system is that it provides
no advantage to cells that might have fused with S17 cells.
Fusion has been touted as being responsible for the perceived
multipotency of somatic stem cells in several experimental
systems, which has limited the interpretation of results
(Alvarez-Dolado et al., 2003; Vassilopoulos et al., 2003;
Wang et al., 2003; Shi et al., 2004). The S17 cells lack
lymphopoietic potential. Thus, although we cannot rule out
that fusion between EpiSCs and S17 cells occurred, the fused
cell would have no advantage and may be at a disadvantage
as compared to an unfused EpiSC when producing
B lymphocyte precursors. Another benefit of using cell
culture to test a proof of principle is the ability to control
the experimental environment. Such control of conditions is
virtually impossible when performing experiments in vivo.
We were also able to target production of a specific cell
lineage by modifying the environmental conditions, thereby
proving our principal goal of directing a cell toward an
alternative lineage. The next obvious step is to obtain the
responsive cells and use them in an in vivo setting to test their
potential for therapeutic applications.
Although B95% of our sorted population of EpiSCs were
directed toward a B lymphocytic cell lineage, demonstrating
their multipotent potential, we must point out that not all
EpiSCs responded in the same manner. The cell surface
protein analysis and the assessment of VDJ recombination
demonstrate that EpiSCs achieved multiple stages of
B lymphopoiesis (Hozumi and Tonegawa, 1976; Brack
et al., 1978; Hardy et al., 1991). Thus, the sorted population
of EpiSCs represent a heterogeneous population of responsive
cells, which is similar to our previous finding that B96% of
EpiSC respond to BMP4 treatment (Grinnell and Bickenbach,
2007).
To our knowledge, evidence that the epidermis contains
cells with multipotent potential and that this potential can be
directed to produce an alternate cell lineage in vitro has not
been previously reported. Although we do not claim that
EpiSCs are or ever will be the equivalent of embryonic stem
cells in terms of their developmental plasticity, our results
suggest that easily accessible interfollicular EpiSCs represent
a population of somatic stem cells that may prove useful in
applications designed to exploit cellular multipotency for
therapeutic purposes.
MATERIALS AND METHODS
EpiSC and TA cell isolation
Interfollicular basal epidermal cells were isolated from the trunk skin
of 2- to 3-day-old neonatal mice or the footpad skin of adult C57BL/6
mice (Harlan, Indianapolis, IN). All mice were housed and treated
with approval from the University of Iowa Animal Care Committee
in accordance with the National Institutes of Health guidelines. Skin
was harvested, rinsed in Hanks’ balanced salt solution, and floated
on Dispase II (Roche, Indianapolis, IN) at 4 1C overnight. Epidermis
was mechanically peeled from the underlying dermis, rinsed in
Hanks’ balanced salt solution, and incubated in TrypLE Select
(Invitrogen, Carlsbad, CA) for 25minutes at 37 1C. TrypLE was
inactivated with LoCal medium. Gentle shaking dissociated basal
epidermal cells, which were centrifuged and resuspended at 2 106
cells per ml in LoCal medium (Spinner’s minimum essential medium
(SMEM)þ 10% calcium-chelexed fetal bovine serum, 0.06mM
Ca2þ , 1% penicillin, streptomycin, amphotericin) (Invitrogen)þ
1mM HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid)
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buffer containing 5mgml-1 of Hoechst 33342 dye (Sigma, St Louis,
MO). Cells were incubated for 90minutes at 37 1C with gentle
shaking every 30minutes, centrifuged, and resuspended at 2 107
cells per ml in LoCal without Hoechst dye. Blocking was performed
using 2.4G2 antibody and rat serum. Cells were antibody stained for
20minutes at 41C, washed, resuspended in LoCalþ 1ng/ml propi-
dium iodide (Sigma), and sorted on a Becton Dickinson FACSDiVa
(BD Biosciences, San Jose, CA) at the University of Iowa Flow
Cytometry Facility (see Figure 2). Spectral compensation was
performed before sorting. The antibodies used are listed below.
Flow cytometry
Cells were resuspended in staining buffer (Hanks’ balanced salt
solutionþ 10% fetal bovine serumþ 0.1% sodium azide) at a
concentration of 1 106 cells per 10 ml. Blocking was performed
as above. Cells were incubated in a primary antibody and, when
necessary, in a secondary reagent for 20minutes at 4 1C with two
washes after each step. Cells were then stained with the LIVE/DEAD
Fixable Blue Stain Kit (Invitrogen), washed, and fixed in 1.25 PBS,
1% formaldehyde, 0.1% sodium azide. After spectral compensation,
flow cytometry was performed on either a Becton Dickinson
FACSDiVa or LSR. As a positive control, freshly isolated bone
marrow cells were stained in parallel. Analysis was performed using
FloJo software (Tree Star, Ashland, OR). Primary antibodies used are
listed as target, clone: Aminopeptidase A, BP-1; B220, 6B2; c-kit,
2B8; CD3, 145-2C11; CD19, 1D3; CD21, 7E9; CD23, B3B4;
CD45.1, A20; CD45.2, 1D4; Gr-1, 8C5; IgM, b76; Mac-1, M1/70;
Ly-76, Ter119. The primary antibodies were conjugated with biotin,
Cy5, FITC, or phycoerythrin. Secondary reagents included: Cy5-
streptavidin (Jackson ImmunoResearch, West Grove, PA), FITC-
avidin (Vector Labs, Burlingame, CA), and phycoerythrin–avidin
(Fisher Scientific, Waltham, MA). CD45.1 and CD45.2 antibodies
were generously provided by Annette Schlueter (University of Iowa
Carver College of Medicine).
Media and culture conditions
Super SMEM and Super McCoy’s medium consisted of either SMEM
(0.06mM calcium) or McCoy’s 5A (1.8mM calcium) (Invitrogen)
supplemented with 10% calcium-chelexed or unchelexed fetal
bovine serum, respectively, and 1 concentrations of minimal
essential medium essential amino acids, minimal essential medium
non-essential amino acids, minimal essential medium vitamins,
L-glutamine, and penicillin/streptomycin (Invitrogen).
S17 bone marrow stromal cells were a generous gift from
Kenneth Dorshkind (UCLA School of Medicine) and maintained as
described by Cumano et al. (1990). Co-cultures were carried out in
24-well plates. S17 cells (15–20 103) were plated in each well.
Experimental cells (12.5 103 cells per well) were added when S17
cells reached confluence 1–2 days later (day 0 of co-culture) and co-
cultured for 8–10 days. During this initial culture period, termed
passage 0 (P0), a medium consisting of 66.6% Super SMEM and
33.3% Super McCoy’s supplemented with 10 ng/ml mouse stem cell
factor (eBioscience, San Diego, CA), 10 ng/ml mouse Flt3-ligand
(Sigma), and 20 ng/ml mouse IL-7 (eBioscience) was used. After
24–36hours, the medium was adjusted to 50% Super SMEM and
50% Super McCoy’s. Two to three days later, half of the medium was
replaced with 100% cytokine-supplemented Super McCoy’s. There-
after, the medium was replaced 50% at a time with 100% Super
McCoy’s as needed. P0 loosely adherent cells were harvested by
gentle pipetting and plated as P1 onto fresh S17 monolayers.
Cytokine concentration was maintained for the 7–10 day duration of
P1 and the medium changed 50% at a time as needed. P1 cells were
harvested and re-plated as P2 cells as above for an additional 7–10
days. During this time, stem cell factor was left out of the medium
and IL-7 concentration was reduced to 10 ng/ml. After an additional
8–10 days, the cells were harvested and analyzed.
Melanocytes and keratinocytes were cultured in melanocyte
growth medium as described by Sviderskaya et al. (1995) and in
keratinocyte growth medium as follows: 3–6 105 cells were plated
on 60-mm-tissue culture dishes and maintained in CnT07 media
(Millipore, Billerica, MA).
CFU-GEMM assays
CFU-GEMM assays were performed according to the manufacturer’s
instructions (Stem Cell Technologies, VA, Canada) using product
number 03434. Side population bone marrow cells were sorted as
described by Goodell et al. (1996) and plated at 1 102 cells per
35mm dish. EpiSCs or TA cells were plated at 1 105 cells per dish.
Cells were cultured up to 35 days and monitored by phase-contrast
microscopy.
RNA isolation and reverse transcription-PCR
RNA isolation was performed using the RNAqueous-4PCR kit
(Ambion, Austin, TX) according to the manufacturer’s instructions.
Reverse transcription was performed using the SuperScript III First
Strand Synthesis System for reverse transcription-PCR (Invitrogen).
Subsequent PCR reactions were performed using 2 ml of RT product
and 45 ml of Platinum PCR SuperMix (Invitrogen). Bands were
resolved on ethidium bromide-stained 1% agarose gels. Forward and
reverse primers are listed in Supplementary Data. Cycling conditions
for Cd19 and Rag-1 were 94 1C for 30 seconds, 55 1C for 30 seconds,
and 72 1C for 75 seconds. Cycling conditions for all others were
94 1C for 30 seconds, 53.5 1C for 30 seconds, and 72 1C for
50 seconds. In all cases, the first cycle was preceded by 2minutes
at 94 1C and the final cycle was followed by 10minutes at 72 1C.
Primer sequences are listed in Supplementary Data.
VDJ PCR
ICR mouse (Harlan) bone marrow DNA was used for a positive
control. Rag1/mouse (Jackson Laboratories, Bar Harbor, MA) liver
DNA was used as a negative control. Genomic DNA was isolated
using the DNeasy kit (Qiagen, Valencia, CA) according to the
manufacturer’s instructions. Bands were resolved on 0.8% ethidium
bromide-stained agarose gels. Previously described primer sets
designed to amplify sequences of VDJ recombination (Supplemen-
tary Data) (Schlissel et al., 1991; Chang et al., 1992; Marshall et al.,
1996) were used as follows: for genomic state, Mu0 and/or JH4; for
D-J recombination, DHL, DSF, and DQ52 with JH4; for V-DJ
recombination, VHall, VH7183, VH558, and VHQ52 with JH4.
Cycling conditions were 2minutes at 94 1C followed by 40 cycles
of 1minute at 94 1C, 1minute at 59.5 1C, and 2minutes at 72 1C. A
final step of 10minutes at 72 1C was performed.
CONFLICT OF INTEREST
The authors state no conflict of interest.
1394 Journal of Investigative Dermatology (2008), Volume 128
MM Stern et al.
EpiSCs generate B lymphocytes
ACKNOWLEDGMENTS
We thank the members of the Bickenbach laboratory for their generous
insights, and Justin Fishbaugh, Gene Hess, and George Rasmussen of the
University of Iowa Flow Cytometry Facility for their expert assistance. From
the University of Iowa Carver College of Medicine, we thank Dr Annette
Schlueter for the CD45.1 and CD45.2 antibodies and helpful advice, Dr John
Colgan for advise and primers for B-cell transcription factors, and Dr Jonathan
W. Heusel for Rag1 knockout mouse tissue. We also thank Dr Kenneth
Dorshkind (UCLA) for the gift of the S17 cells. This work was supported by the
National Institutes of Health (R01-AG20913, J.R.B.) and a Medical Research
Initiative Grant from the University of Iowa Carver College of Medicine
(J.R.B.).
SUPPLEMENTARY MATERIAL
Figure S1. Most of c-kitþ cells in epidermal cell preparations are
melanocytes.
Figure S2. EpiSCs, but not TA cells, co-cultured with S17 cells generate
colonies with hematopoietic-like characteristics.
Supplementary Text. Primers.
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